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A number of 3-quasiparticle isomers have been found and characterised in the odd-mass, neutron-rich, 
187Re, 189Re and 191Re nuclei, the latter being four neutrons beyond stability. The decay of the isomers 
populates states in the rotational bands built upon the 9/2−[514] Nilsson orbital. These bands exhibit 
a degree of signature splitting that increases with neutron number. This splitting taken together with 
measurements of the M1/E2 mixing ratios and with the changes observed in the energy of the gamma-
vibrational band coupled to the 9/2−[514] state, suggests an increase in triaxiality, with γ values of 5◦, 
18◦ and 25◦ deduced in the framework of a particle-rotor model.
© 2015 Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
Neutron-rich rhenium isotopes (Z = 75) and nuclei in the sur-
rounding region are of considerable interest as they are pre-
dicted to exhibit signiﬁcant changes in deformation, possibly lead-
ing to the emergence of triaxial shapes [1–4]. The experimental 
manifestations of triaxiality are expected to be subtle; for one-
quasiparticle structures in odd-A nuclei, the effects are principally 
reﬂected in the sign and magnitude of signature splitting in the 
rotational bands, and correlated effects in the M1 and E2 tran-
sition probabilities (see, for example, Refs. [5–7]). In the case of 
both single- and multi-quasiparticle states, triaxiality (and the as-
sociated γ vibrations) implies K -mixing, which will affect the 
properties of (nominally) K -forbidden decays. For example, in the 
tungsten isotopes (Z = 74), a systematic decrease with neutron 
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attributed to effects linked to increasing axial asymmetry [8].
For transitional nuclei in this region, an additional challenge 
comes from their inherent softness. As a result, the shape is sen-
sitive to the conﬁguration as well as the driving effects of rota-
tion. Furthermore, while K -mixing due to triaxiality could imply 
the presence of fewer or shorter-lived isomers, each case will de-
pend on the details of the speciﬁc decay path and strengths and, 
in addition, to different mechanisms that can lead to isomers. For 
example, particularly long-lived, three-quasiparticle isomers have 
been identiﬁed in the Z = 77 isotopes, 191Ir and 193Ir. These have 
been assigned triaxial conﬁgurations and the isomerism is pre-
dominantly due to spin trapping [9].
Previous work in even–even nuclei around Z = 75 has not yet 
deﬁned whether the low-lying structures are due to rigid-triaxial 
[10] or γ -unstable rotation [4,11]. Recent work suggests that nei-
ther of these models represents the deﬁnitive situation in these 
nuclei [12,13]. In odd-A systems, the situation is further compli-
cated by the addition of the unpaired particle/hole that can have 
deformation driving and polarising effects impacting the shape of  BY license (http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
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of new high-K isomers in neutron-rich rhenium nuclei, the focus 
is on the level structures that are exposed by the decay of these 
long-lived states, and on how the properties of the low-lying bands 
provide comprehensive evidence for the development of triaxiality 
or γ -softness in neutron-rich rhenium nuclei.
Meyer-Ter-Vehn [14,15] has applied the particle-rotor frame-
work to the interpretation of nuclei in this region of interest. 
Speciﬁcally, this work explored in detail the signature splitting 
and inversion in rotational level structures as a function of tri-
axiality [7,17–19]. The expectation of the model is that the en-
ergy of the one-quasiparticle conﬁguration coupled to the γ vi-
bration (1-qp ⊗ 2+γ ) will decrease with increasing γ deformation, 
since the ﬁrst 2+ states in the even–even core (rotational, 2+1 and 
γ -vibrational, 2+2 ) are expected to have energies given by:
E2+1,2
= 6h¯
2
2J0
9∓
√
81− 72 sin2(3γ )
4 sin2(3γ )
(1)
where J0 is an inertia parameter related to the magnitude of the 
deformation (2) and the nucleon number (A) [14,16] and the 
shape parameter, γ , that varies from 0◦ to 60◦ and relates to either 
prolate (0◦), triaxial (∼ 30◦) or oblate (60◦) shapes. The effects of 
γ deformation on M1 and E2 matrix elements, mentioned earlier, 
will be reﬂected in the measured mixing ratios and g factors for 
transitions from rotational states. In this work a rigid-particle-rotor 
framework is applied, however, as mentioned earlier in regard to 
the even–even neighbours, γ -softness could certainly play a role.
In the present work, new results on the yrast states in 187Re, 
189Re and 191Re have been obtained from a series of measurements 
performed using deep-inelastic collisions [20] at Argonne Na-
tional Laboratory. Three isotopically-enriched targets of 44 mg/cm2
192Os, 7.5 mg/cm2 187Re and 6 mg/cm2 186W, backed by 10, 
25 and 25 mg/cm2 Au deposits, respectively, were exposed to a 
∼ 6-MeV/u 136Xe beam provided by the ATLAS accelerator fa-
cility. Emitted γ rays were observed using Gammasphere [21], 
an array of Compton suppressed hyper-pure germanium detectors. 
Two experimental conﬁgurations were employed. The ﬁrst used a 
nanosecond-pulsed beam (825-ns separation between pulses), al-
lowing for both in- and out-of-beam measurements. The bulk of 
the data were collected in this mode, where a minimum of three-
fold coincidence events were required. The data were subsequently 
sorted into coincidence cubes and hypercubes for oﬄine analysis. 
The second arrangement used a microsecond clock in conjunction 
with a chopped beam with different time periods ranging from mi-
croseconds to seconds. The main settings for the search for longer-
lived isomers used beam on/off periods of 100/400 μs and 1/4 ms, 
with ‘prompt’ two-fold coincidence events required. (A full list of 
time conditions is given in Ref. [9].) These data were sorted into 
time-dependent matrices for analysis.
2. Results
Previous studies of these isotopes include particle transfer for 
187Re, 189Re and 191Re [22,23], inelastic excitation of 187Re [24]
and projectile fragmentation for 191Re [25,26]. The new level 
schemes are given in Fig. 1; these are based on prior-known level 
information as well on the new spectroscopic evidence such as 
double-gated γ -ray coincidence spectra (including coincident X 
rays for elemental assignments), total conversion coeﬃcients from 
delayed intensity balances, γ –γ angular correlations and lifetime 
information. Complete details on the level scheme construction 
will be presented elsewhere [29], while the present paper provides 
a more detailed explanation for only the most neutron-rich case 
of 191Re.2.1. 191Re level scheme and spin-parity assignments
Gamma rays depopulating an isomer with τ = 111(48) μs had 
been ﬁrmly assigned to 191Re in projectile fragmentation [25,
26], but the limited spectroscopic information meant that a level 
scheme was not proposed. These and other γ rays were observed 
in the present work (a representative double-gated γ -ray coinci-
dence spectrum is shown in Fig. 2) and, from the high statistics 
coincidence data, a detailed level scheme for the yrast states in 
191Re was constructed, see Fig. 1. Conﬁrmation of the assignment 
to 191Re is further provided by the fact that the energies of the 
9/2−[514] state and its ﬁrst rotational band member were approx-
imately known from transfer experiments [22,23], and match the 
140-keV γ ray observed here.
Three band structures have been identiﬁed that are fed (indi-
rectly) by isomeric states with respective lifetimes of τ = 48(4) ns, 
101(58) ns and 73(5) μs (see Fig. 3). The new lifetime of 73(5) μs 
is consistent with, but more precise than, the previous measure-
ment [25,26]. The band structures are built on bandheads at 145, 
414 and 621 keV. Assuming 9/2− for the bandhead at 145 keV 
(see Refs. [22,23]), the other bands have lowest levels with spins 
and parities of 11/2− and (13/2−), with detailed arguments for 
these assignments presented below. The 9/2− and (13/2−) bands 
are assigned to the 9/2−[514] and 9/2−[514] ⊗ 2+γ conﬁgurations, 
respectively. Very similar level structures with such assignments 
are observed in all three rhenium isotopes, as can be seen in 
Fig. 1. The band based on the 11/2− state at 414 keV is tenta-
tively associated with the 11/2−[505] orbital and is only observed 
in 191Re.
The inferred conversion coeﬃcient for the 116-keV transition 
from the 1602-keV, 73-μs isomer to the 21/2− band member at 
1486 keV (see Fig. 4), suggests an M1 or E2 character. Since no 
branch to the 19/2− band member at 1089 keV is observed, the 
1602-keV level can be assigned as Jπ = 25/2− . The other branch 
from the 1602-keV state is the 94-keV transition to the 101-ns 
isomer at 1508 keV. Its conversion coeﬃcient in Fig. 4 suggests 
an M2 multipolarity, leading in turn to a 21/2+ assignment for 
the state at 1508 keV. The angular correlation (Fig. 5) between its 
main decay branch of 419-keV and the 360-keV in-band stretched 
quadrupole transition, suggests a pure-stretched dipole character 
consistent with E1 multipolarity and, hence, the Jπ = 21/2+ as-
signment. Furthermore, the conversion coeﬃcient for the 158-keV 
branch from the 1508-keV state to the 1350-keV level is consistent 
with an E1 multipolarity (see Fig. 4), while the angular correlation 
between the 158-keV γ ray and the 460-keV stretched quadrupole 
transition in the 11/2−[505] band is consistent with a stretched-
dipole character. This leads to the assignment of Jπ = 19/2− for 
the 1350-keV band member and, assuming a rotational sequence, 
a Jπ = 11/2− assignment for the 414-keV bandhead.
The 48-ns isomer at 1679 keV directly populates the 21/2−
state of the 9/2− band via the 193-keV E1 transition (conﬁrmed 
through its conversion coeﬃcient in Fig. 4). The absence of other 
de-excitation pathways to the 9/2− band leads to the suggested 
Jπ = 23/2+ assignment. Also, a 171-keV γ ray is observed to pre-
cede in time the transitions below the 101-ns isomer at 1508 keV, 
conﬁrming it as a branch from the 48-ns, 1679-keV 23/2+ state.
In addition to the opportunity to propose spin/parity assign-
ments, the measured angular correlations enable a direct deter-
mination of the M1/E2 mixing ratios for the J → J − 1 in-band 
transitions in the 9/2−[514] bands in all of the rhenium nuclei 
under investigation. Fig. 5 provides an example, with δ = 0.28+0.14−0.12
obtained for the 140-keV transition in 191Re.
M.W. Reed et al. / Physics Letters B 752 (2016) 311–316 313Fig. 1. Partial level schemes populated in the decays from isomeric states observed in 187Re, 189Re and 191Re. The 9/2− levels in 189Re and 191Re are drawn with thicker 
lines to indicate the presence of unknown lifetimes expected because of the suggested multipolarity of transitions linking these states and the respective ground states. The 
current measurement is not sensitive to the single, isomeric transitions emitted from these expected long-lived states.2.2. 187Re and 189Re level schemes and comparison with 191Re
A set of levels populated by the decay of an isomer in 187Re was 
reported by Shizuma et al. [24]. Much of their proposed scheme is 
conﬁrmed here and numerous new transitions have been identi-
ﬁed. The new information enabled ﬁrm spin-parity assignments to 
be proposed, resulted in a revised lifetime of 511(90) ns for the isomer, measured previously as 164(33) ns, and the identiﬁcation 
of a new 11(1)-ns isomeric level.
In the case of 189Re, only a few yrast states were identiﬁed ear-
lier, including J = 9/2 and J = 11/2 levels at 125 and 303 keV 
respectively, from (t, α) reactions [23], resulting in an expected 
11/2− to 9/2− in-band transition of 178(4) keV. The new 189Re 
level scheme in Fig. 1 is fed by two high-spin isomers that exhibit 
314 M.W. Reed et al. / Physics Letters B 752 (2016) 311–316Fig. 2. Coincidence γ -ray spectrum for 191Re with a double gate on the 140-keV, 11/2− → 9/2− transition in the 9/2−[514] band and on the intense 419-keV transition 
feeding from the 101-ns isomer.Fig. 3. Lifetime curves for isomers observed in 191Re; (a) time spectra for 191Re 
showing the decay of the 48(4)-ns, 101(58)-ns and 73-μs isomers. The 101(58)-ns 
curve has been ﬁtted with ﬁxed feeding components from the 48-ns and 73-μs 
isomers; (b) time spectra taken with the 400-μs chopped beam on the 192Os target, 
selecting the 73(5)-μs isomer decay in 191Re.
lifetimes of 322(20) μs and 74(24) ns, with a match between the 
present 11/2− to 9/2− γ energy of 177.5(1) keV. Not only does 
the γ -ray energy match that inferred from Ref. [23], but further 
evidence such as the observation of coincident Re X rays, coinci-
dent relationships with γ rays in partner nuclei (in deep-inelastic 
reactions, by observing in-beam prior to the decay of an isomeric 
state) and comparisons of relative yields from various targets, con-
ﬁrm the 189Re assignment.
In both 187Re and 189Re, two band structures have been iden-
tiﬁed, one built upon the 9/2−[514] proton orbital and another, 
with bandhead 13/2− , that has a pattern of interband decays to 
the 9/2−[514] band suggestive of a collective vibration. Therefore, 
this second band is proposed to be built upon the 9/2−[514] ⊗ 2+γ
state in both nuclei. While only two states are observed in this 
band in 191Re, the similarities suggest the same assignment for 
the 621-keV state. The presence of the 11/2−[505] band in 191Re 
is discussed further below.Fig. 4. Total conversion coeﬃcients in 187Re, 189Re and 191Re compared with pre-
dicted values [27]. Note that the total conversion coeﬃcient value for the 78-keV 
transition was derived from the K-conversion coeﬃcient measured through K–X-ray 
intensities [28] and scaled appropriately assuming M2 character.
Fig. 5. Angular correlations between pairs of transitions in 191Re, speciﬁcally the 
419/360-keV (top) and 360/140-keV pairs (bottom). Legendre polynomial ﬁts to 
evaluate A2 and A4 coeﬃcients are also given, together with χ2 curves that in-
dicate how well various spin sequences describe the angular correlation data. These 
can be used to determine the state spins, transition multipolarities and mixing ra-
tios.
M.W. Reed et al. / Physics Letters B 752 (2016) 311–316 315Fig. 6. Experimental moment of inertia parameters ((E j − E J−1)/2 J , left panel) and mixing ratios (δ, right panel) determined from γ γ angular correlations (solid squares), 
are compared with those predicted from a triaxial particle-rotor calculation (solid lines) as well as those evaluated from γ ray branching ratios with rotational formulas for 
axial rotors [32] (open triangles). In 187Re and 191Re, the level energy data points extend beyond those shown in the partial level schemes in Fig. 1. The higher-lying levels 
were observed in prompt-in-beam data on various targets [29].3. Discussion and model calculations
Three experimental signatures in the present data set can be 
viewed as evidence for an increasing degree of triaxiality in the 
neutron-rich rhenium nuclei. In an axially symmetric nucleus, a 
rotational band built upon a high-	 orbital is expected to exhibit 
interleaved states with regular spacings and no signature splitting. 
However, while minimal signature splitting in the 9/2−[514] band 
is present in 187Re, an increase is clearly visible in 189Re, with a 
further one in 191Re; this can be seen from both the level schemes 
(see Fig. 1) and the ﬁlled square symbols in the left-hand panels 
of Fig. 6. This form of signature splitting is expected in nuclei with 
triaxial deformation [14].
Second, in even–even nuclei, the energy of the lowest 2+γ vi-
brational state decreases as the degree of triaxiality increases (see 
equation (1)). In the present odd-mass systems, the equivalent ob-
servation is a fall in the energy difference between the 9/2−[514]
and 13/2− (9/2−[514] ⊗ 2+γ ) bandheads, from 586 keV in 187Re 
to 545 keV in 189Re and 476 keV in 191Re. Furthermore, it is also 
worth noting that the lowest γ -vibrational state in even–even nu-
clei in the region occurs at 492 keV in 192Os, the isotone of 191Re. 
This lowering would be true whether the nucleus has a rigid-
triaxial shape or is γ soft.
Third, the mixing ratios for the in-band M1/E2 transitions in a 
triaxial rotor differ from those predicted for an axially symmetric 
one. Fig. 6 presents (ﬁlled squares) the experimental mixing ratios for the cascade M1/E2 transitions in the 9/2−[514] bands are de-
termined in a model-independent way, from angular correlations. 
In an axially-deformed system, the mixing ratios can be deduced 
from the γ -ray intensity branching ratios between the J → J − 2
and J → J − 1 transitions. The results of this analysis are given as 
open triangles in Fig. 6. While there is a degree of overlap between 
the measured values and the calculations of the axially symmetric 
model for 187Re and 189Re, a marked divergence is noted for 191Re.
Taken together, these three experimental observations represent 
strong evidence for triaxial deformation developing in the neutron-
rich rhenium nuclei. This, in turn, motivated an attempt to ac-
count for the observed properties with a particle-rotor model that 
includes the triaxial degree of freedom [30]. The approach con-
sisted in reproducing not only the level spacing of the rotational 
bands, but also the in-band mixing ratios. Good agreement with 
experiment was obtained for the signature splitting, moments-of-
inertia and in-band mixing ratios (see Fig. 6) with γ values of 5◦ , 
18◦ , 25◦ and deformation parameters of 2 = 0.23, 0.195, 0.18 and 
4 = 0.093, 0.093, 0.080 for 187Re, 189Re and 191Re, respectively. 
Note a systematic decrease in 2, 4 deformation was required 
with increasing neutron number: this follows the general trend 
calculated (with axial symmetry only) by Möller et al. [31]. This 
decrease also provides a natural explanation for the observation of 
the 11/2−[505] band in 191Re only, as this level will approach the 
proton Fermi surface for a smaller 2 deformation.
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lying 13/2− vibrational bandhead, with values of 614, 551 and 
461 keV calculated for the energy of the 13/2− γ -vibrational 
states relative to the 9/2−[514] bandhead for 187Re, 189Re and 
191Re, respectively. Again, good agreement with experiment (586, 
545 and 476 keV) is found. Finally, the decreasing energy of the 
9/2−[514] ⊗ 2+γ bandhead with increasing neutron number rela-
tive to the 9/2−[514] state is also consistent with Equation (1)
and an increase in γ deformation of the even–even core. How-
ever, the model fails to reproduce the excited levels built upon the 
9/2−[514] ⊗ 2+γ bandhead.
Conﬁguration-constrained potential energy surface (PES) calcu-
lations including the triaxial degree of freedom [2] were also car-
ried out for 1-quasiparticle and 3-quasiparticle conﬁgurations to 
obtain the predicted deformations. The complete model calculation 
and conﬁguration assignments for the isomers will be presented in 
Ref. [29]. Here, only the 1-quasiparticle states are discussed. Sur-
prisingly, the 9/2−[514] conﬁguration was found minimised in all 
cases at axial symmetry (γ ∼ 0◦). However, when supplemented 
by Total Routhian Surface (TRS) calculations, it became clear that 
rotation plays an important role in deﬁning the degree of triax-
iality. The TRS results were found to be qualitatively consistent 
with the conclusion from the triaxial particle-rotor calculations; 
e.g., with γ ∼ 0◦ in 187Re, while in the heavier isotopes there is 
a change at very low frequencies (via a γ -soft phase in 189Re) to 
triaxiality in both 189Re (γ = −26◦ at h¯ω = 0.150 MeV) and 191Re 
(γ = −30◦ at h¯ω = 0.1 MeV).
4. Conclusions
In this work, the isomer decays in 187Re, 189Re and 191Re 
have been observed to populate members of both the 9/2−[514]
rotational band and its associated γ vibration. Data on signa-
ture splitting, M1/E2 mixing ratios of the 9/2−[514] in-band 
transitions and on the relative energies of the γ -vibrational 
bands all imply increasing γ deformation and the development 
of triaxiality with increased neutron number. In fact, some of 
the measured properties are consistent with those predicted by 
particle-triaxial-rotor calculations with values of γ = 5◦ , 18◦ and 
25◦ for 187Re, 189Re and 191Re, respectively. Nevertheless, given 
that the particle-rotor model fails to predict the excited levels 
built upon the 9/2−[514] ⊗ 2+γ bandhead and that potential-
energy surface calculations suggest increasing γ -softness for the 
heavier isotopes, one is led to the conclusion that the situa-
tion is somewhat more complex than a description in term of a 
rigid-triaxial shape. This is further suggested by TRS calculations 
showing that a degree of rotation is required to stabilise the γ
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